Leprosy is a chronic disease caused by infection with Mycobacterium leprae, which is manifested across a wide clinical spectrum. There is evidence that susceptibility both to leprosy per se and to the clinical type of leprosy is influenced by host genetic factors. This paper describes the application of an identity by descent regression search for genetic determinants of leprosy type among families from Karonga District, Northern Malawi. Suggestive evidence was found for linkage to leprosy type on chr 21q22 (Po0.001). The methodological implications of the approach and the findings are discussed.
Introduction
Leprosy is a disease of skin and nervous tissue caused by infection with Mycobacterium leprae, and over 700 000 new cases were registered worldwide in 2002. 1 Infection is necessary for disease, but it is thought that only a small proportion (in the order of 10%) of infections lead to recognisable clinical lesions. 2 These may be manifested across a spectrum from paucibacillary (PB), characterised by a high cellular immune response and low bacterial load, to multibacillary (MB) disease, characterised by low to nonexistent cellular immune response and high bacterial load (up to 10 9 bacilli/g of tissue in the dermis). The exact mode of transmission of M. leprae is unknown, but it is favoured by prolonged contact with an infected individual.
Linkage analyses have been carried out recently on data from leprosy cases and their families in Vietnam and India. [3] [4] [5] These identified regions on chromosomes 6, 10 and 20, which may harbour genes affecting susceptibility to leprosy per se or to PB leprosy in particular. Association studies in various populations have found evidence that variants in VDR, HLA-DR2, SLC11A1 and TNF are associated with leprosy or its subtypes. [6] [7] [8] [9] [10] [11] [12] [13] However, many of these results have not been replicated in other populations, and in the case of TNF, the same allele has been found to be associated significantly with increased and with decreased risk of disease in Central Indian and Brazilian populations, respectively. [13] [14] [15] These results may reflect genetic heterogeneity between populations. Such heterogeneity may also be evident in the apparent differences in relative frequency of MB and PB disease between populations, with the proportion of MB disease being lowest in Africans, higher in Asians and highest amongt Caucasians. This difference has been shown to persist in migrant populations, 16 suggesting that it is related to host response rather than to the environment. However, some authors have suggested that this may be due at least in part to variation in ascertainment of PB disease (characterised by hypopigmented patches, which are most easily seen against a dark skin). 17 Families, with multiple cases of leprosy, have been ascertained from Karonga District in Northern Malawi, in the context of epidemiological studies carried out over the past 20 years, 18 a subset of which are nuclear families. The analysis of linkage to leprosy per se in the subset of nuclear families failed to replicate any of the regions identified above, but found weak evidence for linkage to a region on chr 21 (D21S180, MLS ¼ 1.4) and chr X (DXS990, MLS ¼ 1.1). 19 Here, we present the results of an identity by descent (IBD) regression analysis carried out in order to search for genes that influence leprosy type (as opposed to leprosy per se) in all nuclear and extended multicase families from this population.
Results
In all, 185 extended pedigrees multiplex for leprosy were ascertained as described in Materials and methods, 83 of which contained affected siblings and parents (nuclear families). A two-stage approach was adopted, with the nuclear families typed across selected chromosome regions in the first stage and regions showing suggestive evidence for linkage (Po0.05) followed up by typing members of the extended pedigrees.
One method to study linkage to leprosy type would be to stratify families according to concordance for disease type, but this approach is subject to problems (low power and inefficient use of sibships of size three or more). Instead, a unified approach known as 'IBD regression' 20 was used. In a stratified analysis, posterior IBD sharing probabilities are compared to the null within each strata. In the IBD regression approach, the likelihood of the observed data is expressed as a function of f, the probability that an affected pair share a given allele IBD. f is, in turn, expressed as a logistical regression on X, which takes the value 1 if the affected pair are type concordant and 0 if they are discordant. This allows us to test whether the evidence for linkage differs between concordant and discordant pairs using a likelihood ratio test (comparing the likelihood when the coefficient of X is estimated by maximum likelihood to the likelihood when this coefficient is fixed at 0). This is conveniently summarised using a P-value.
The results of the first stage analysis of nuclear families only are presented in Figure 1 . The results for the analyses with and without the two MB concordant affected sibling pairs were similar, and only the former will be discussed here. Three regions displayed 'suggestive linkage' (Po0.05): chr 10q23, 15q21 and 21q22. In all these regions, f was above the null among concordant pairs and close to or below the null among discordant pairs, indicating excess sharing among type-concordant pairs. Markers in these regions were typed among the extended families for a second stage analysis. The results of that analysis are shown in Figure 2 . Evidence for linkage increased in the chr 21q22 region (from PE0.027 to E0.001), but not in the other regions. Again, excess IBD sharing was apparent among type-concordant pairs.
This does not meet the stringent requirements for statistically significant genome-wide linkage to be declared, but the decrease in the P-value between stage one and two analyses does indicate that this region may be of interest for further analysis.
Discussion
The IBD regression analysis described here reveals suggestive evidence for linkage to leprosy type on chr 21q22. Some evidence of linkage to this region was also identified in separate analyses of leprosy per se in the same population (MLS ¼ 1.4). 19 Given the excess of sharing among type-concordant pairs, and a deficit of sharing among type discordant pairs of leprosy cases, it is likely that a gene in this region influences susceptibility to leprosy type rather than leprosy per se, and that the positive evidence for leprosy per se was a reflection of linkage among the concordant pairs.
There are several potential candidate genes in the chr 21q22 region of linkage, but the most obvious is ITGB2. This gene encodes the b2(CD18) subunit of leucocyte integrins including lymphocyte-function-associated molecule 1 (LFA-1) and macrophage antigen 1 (Mac-1). Mutations in ITGB2 are associated with susceptibility to recurrent bacterial infections, impaired pus formation and poor wound healing. 21 The hypothesis that different variants of a gene on chr 21q22 may act to increase risk of either PB or MB disease is compatible with previously proposed models of genetic susceptibility to leprosy. 22 Under these conditions, one set of genes influences whether an individual manages to clear the infection (as an estimated 90% of Linkage analysis of leprosy type C Wallace et al exposed individuals appear to do) and another acts to influence the type of leprosy that develops, given that the individual is unable to clear the infection. The chr 21q22 region has not been implicated in either the Vietnamese or Indian study. [3] [4] [5] However, linkage to chromosome 10p13 was identified in a scan of mainly PB Indians and confirmed in PB concordant Vietnamese, suggesting that genes in this region may influence susceptibility to leprosy type. 3, 5 A stratified analysis showed only very weak evidence for linkage to 10p13 among PB Malawians (MLS ¼ 1.0). 19 Likewise, there was only weak evidence that sharing differs between the (mainly PB) concordant and discordant Malawian sib pairs (P ¼ 0.07), although, as this region did not meet the criteria for follow-up using the extended pedigrees, this analysis was limited to nuclear family data.
Two questions of interest arise from these results: why do the results from different populations differ, and why, when both chr 10p13 and 21q22 appear to be linked to leprosy type, do different methods of analysis detect each region?
The generally proposed explanation for such population differences is genetic heterogeneities between these populations. 23 That is, the frequencies of particular disease-related polymorphisms differ between populations, and some may exist only in some populations and not others. In this case, linkage would be observed only in those populations in which a disease-related allele is at a sufficiently high frequency. However, other explanations, such as differences in M. leprae itself or exposure to other factors that modify risk of disease (eg environmental mycobacteria), cannot be discounted.
The second question relates to the method of analysis. When a region is shared more frequently than expected among type-concordant than type-discordant pairs, both IBD regression and stratification are likely to detect genes that influence leprosy type. However, the former will be more powerful at detecting regions that are shared less often among discordant pairs, and the latter more powerful at detecting regions where there is not a sharing deficit among discordant pairs.
We have identified two regions that may harbour genes which affect susceptibility to leprosy type. In the case of 10p13, there is excess sharing among PB concordant pairs, but the sharing proportions among discordant pairs do not differ from the null. This indicates that a particular polymorphism within a gene in this region may increase the risk of PB disease, but that the lack of this polymorphism does not increase the risk of MB disease. However, in the case of 21q22, there is also a deficit of sharing among type-discordant pairs, indicating that different variants in this region may act to either increase or decrease the risk of PB or MB disease, respectively.
This highlights one advantage of the 'unified' (IBD regression) method used here. If a particular polymorphism acts to increase the likelihood of one type of leprosy developing in preference to the other, one would expect sharing to be increased among type-concordant pairs and decreased among type-discordant pairs. IBD regression analyses both pair types together, giving greater power to detect a difference. The other obvious advantage of IBD regression over stratification is that only one analysis need be conducted, however, many strata are involved.
Although neither the chr 21q22 or 10p13 region achieved genome-wide significance in the Malawian population, this may be due to small sample size. More conclusive evidence for the chr 10p13 region has been found in other studies, which used either PB cases or stratification methods. 3, 5 It would be interesting to see whether the chr 21q22 region could be confirmed in other populations using the alternative method of IBD regression.
Materials and methods

Ascertainment of families
The Karonga Prevention Study (KPS) is a major epidemiological study based in rural Northern Malawi. 18 Data have been collected on more than 250 000 individuals since 1979, of whom 3138 are or have been confirmed as leprosy cases. Of these, 401 (13%) had MB and 2837 (87%) had PB disease.
All individuals were visited in their homes and were given a general examination. Those with any evidence of current or past leprosy were given a further detailed examination by a medical officer. All new cases were biopsied. Slit-skin smears were taken from anyone with skin lesions, which were considered as possibly due to MB leprosy, and from anyone with signs of leprosy and a history of antileprosy treatment not already known to the control project. Diagnostic certainty (as 'certain', 'probable' or 'possible') was determined by an algorithm, which has been described in detail. 24 All certain and probable cases were used in this analysis. Classification as MB was based on bacteriological index 41 on biopsy, slit-skin smear or nasal swab, or on clinical or historical grounds if no smear or biopsy was taken.
Careful recording of parents enabled us to connect extended multicase pedigrees: 185 multiplex pedigrees with affected members available for genotyping were identified, 83 of which contained affected sibships and their parents (nuclear families). The numbers of pairs by relationship, leprosy type and (for siblings only) availability of parents for genotyping are given in Table 1 . Choice of chromosome regions for analysis A two-stage linkage strategy was used to investigate eight chromosomal regions, selected for investigation either because of previously reported linkage or associations with leprosy susceptibility, or because they contained genes encoding cytokines that are likely to be relevant for the pathogenesis of leprosy (eg interferon gamma). 19 First, microsatellite markers in the eight regions were genotyped in the nuclear families. Then, any regions showing 'suggestive linkage' (Po0.05) were genotyped in the extended families.
Method of IBD regression
One method to analyse linkage to leprosy type would be to stratify the families or sib pairs by the type of leprosy, but such stratification produces smaller data sets, thus reducing power. Further problems arise with sibships of size three or more: when one sibling has PB leprosy and two others MB, do we place the entire family in a 'heterogeneous' strata, or split into pairs and place the MB-MB pair in an MB strata and the two MB-PB pairs in a heterogeneous strata? Such problems persist when we consider extended pedigree data.
However, an alternative approach is available, based on Holmans' method for detecting gene-gene or geneenvironment interactions. 20 This is a development of a method for the incorporation of covariates in linkage analysis proposed by Rice et al. 25 The probability an affected relative pair share an allele IBD is allowed to depend on the covariate of interest, which may be IBD sharing at another locus or some other covariate known to affect disease (eg age or BCG vaccination status). Let f be the probability that an affected relative pair share the allele they inherit from a given parent or ancestor IBD. f can be expressed as a logistic function conditional on covariates, and the probability of any pair sharing 0, 1 or 2 alleles IBD may be expressed in terms of f (eg
. This allows the use of a likelihood ratio test for linkage, with the likelihood
where f i andf f ij are the prior and posterior probabilities, respectively, that sib pair i shares j alleles IBD at the locus being tested. In this application, the covariate of interest was the pairwise type of leprosy in an affected relative pair (which is a categorical variable). We modelled logðfÞ ¼ a þ bX where X is an indicator variable taking the value 1 for type-concordant pairs and 0 for type-discordant pairs. We used a likelihood ratio test LR ¼ Lðâ a;b bÞ Lðâ a; b ¼ 0Þ where -2log LR has a w 1 2 distribution to test whether IBD sharing differed between type concordant and type discordant pairs. Since all possible affected relative pairs were used, observations were not independent (for a sib trio, the pairwise status of the first two pairs determines the status of the third pair). As a result, standard errors calculated in the normal way would be inaccurate. Instead, we used robust standard errors, which allow assumptions about the independence of observations to be relaxed. In particular, clustered robust estimates were used here, which allow for observations from the same family to be correlated. [26] [27] [28] [29] Hence, we were testing whether the probability that two relatives inherit the same allele IBD varies with their pairwise leprosy type.
The numbers of pairs in the nuclear families and extended pedigrees by leprosy type is given in Table 1 . There were only eight MB/MB pairs, which is why our analysis was restricted to examining sharing differences between type concordant and type discordant pairs. Had there been sufficient MB/MB pairs, we could have fitted a separate b for MB/MB and PB/PB pairs. Instead, we performed the analysis twice: once using all the available data (comparing PB and MB concordant to discordant pairs) and once excluding the MB concordant pairs (thus comparing PB concordant to discordant pairs). The Stata 30 package IBDREG 31 was used to perform the analysis.
